The prevalence of myopia has been increasing in recent years. The natural carotenoid crocetin has been reported to suppress experimental myopia in mice. We evaluated the effects of crocetin on myopia suppression in children. A multicenter randomized double-blind placebo-controlled clinical trial was performed with 69 participants aged 6 to 12 years, whose cycloplegic spherical equivalent refractions (SER) were between −1.5 and −4.5 diopter (D). The participants were randomized to receive either a placebo or crocetin and followed up for 24 weeks. Axial length (AL) elongation and changes in SER were evaluated for 24 weeks. Both written informed assent from the participants and written informed consent from legal guardians were obtained in this study because the selection criteria of this trial included children aged between 6 and 12 years old. This trial was approved by the institutional review boards. A mixed-effects model was used for analysis, using both eyes. Two participants dropped out and 67 children completed this trial. The change in SER in the placebo group, −0.41 ± 0.05 D (mean ± standard deviation), was significantly more myopic compared to that in the crocetin group, −0.33 ± 0.05 D (p = 0.049). The AL elongation in the placebo group, 0.21 ± 0.02 mm, was significantly bigger than that in the crocetin group, 0.18 ± 0.02 mm (p = 0.046).
Introduction
The prevalence of myopia has been increasing in recent years and is doing so at a remarkable rate in East Asian countries, including Japan, where the prevalence rate of myopia with a refraction of −0.5 diopters (D) or less has reached approximately 40% [1, 2] . A systematic review with meta-analysis suggested that the prevalence of myopia and high myopia would drastically increase in the next 30 years, with an estimation that the prevalence of myopia and high myopia would reach 5 billion and 1 billion, respectively, and that 40% of blindness would be due to myopia [3] . Along with the increase as a pilot study because similar studies had not previously been conducted. Therefore, no sample size calculation was performed. We planned to recruit 80 participants, that is, 40 in each group, which we considered a reasonable number as a pilot study. By the end of the initially defined recruiting period on 20th January 2017, we could recruit only 49 participants. Hence, we extended the recruiting period for one month until 14th February, at which point the number of participants reached 69, which was approximately 86% of the initial recruitment. At that point, we closed the enrollment.
Children who met all the following selection criteria were included in the study: (1) Between 6 and 12 years of age at the initial diagnosis; (2) myopia with a spherical equivalent refraction (SER) from −1.50 D to −4.50 D at the initial diagnosis; (3) astigmatism of 1.50 D or less; (4) having no eye disease histories except refractive error; (5) using eyeglasses for myopia correction; (6) of whom at least one parent had myopia; (7) being able to comply with the instructions from the principal investigator or sub-investigator (hereinafter referred to as "investigator"), including the administration method of the assigned investigational product and periodic examination schedule; (8) being able to use eyeglasses for myopia correction prescribed by the investigator during the evaluation period. Informed consent was obtained from study subjects (hereinafter referred to as "subject(s)") and the supplemental consent was obtained from a legal guardian such as their parents; or the surrogate's written consent to participate in the study was obtained from a legal guardian such as their parents and the written informed assent to participate in the study was obtained from subjects themselves because the selection criteria of this trial included children aged between 6 and 12 years old.
Children who met at least one of the following exclusion criteria were excluded from the study: (1) Anisometropia exceeding 1.50 D; (2) corrected visual acuity of one eye was less than 1.0; (3) wearing contact lenses; (4) having a history of allergy to ingredients to be taken in the study (crocetin, safflower oil, gelatin, glycerin fatty acid ester, glycerin, caramel, and titanium dioxide), or cycloplegics/eye-drop anesthetics to be used at diagnosis (tropicamide phenylephrine hydrochloride ophthalmic solution, cyclopentolate hydrochloride ophthalmic solution, and oxybuprocaine hydrochloride ophthalmic solution), and fluorescein, etc.; (5) having a history of participation in any other clinical study or research similar to this study; (6) currently using drugs and supplements which might affect the evaluation; (7) having a history of other methods to suppress myopia progression, including wearing orthokeratology lenses, wearing bifocal or progressive power glasses, and the use of atropine ophthalmic solution; (8) having a history of other eye complications or systemic complications.
Randomization and Masking
The participants were randomly assigned to two groups: the control group and the crocetin group. The participants of the control group took placebo capsules and those of the crocetin group took crocetin capsules. The double-blinded method was implemented by way of a block randomization method, where blocks were determined by sex, age, and refraction. Refraction (D) was divided into two groups: "−1.5 or more but less than −3.0" and "−3.0 or more but less than −4.5". Each block had four cases. Masking was performed in the following way: experimental materials and their packages were prepared to be undetectable from the outside, an independent third person assigned the experimental drugs, and he or she sealed them.
Intervention
A crocetin soft capsule encompassed 7.5 mg of crocetin and safflower oil as the main substrate. A placebo soft capsule contained safflower oil instead of crocetin. A soft capsule was taken orally once a day with a sufficient amount of water for 24 weeks in a row.
Procedure for Follow-Up Examinations
At the participants' initial visit, details about the study design and methodology and their rights as participants were provided. After obtaining written informed consent from them and their parents, we conducted visual acuity examinations, subjective refraction measurements, objective refraction measurements, and axial length (AL) measurements. During the subjective refraction measurements, we measured the best-corrected visual acuity (BCVA). Subjective refraction (full correction of myopia under cycloplegia) was used to prescribe the lens power of the spectacles to be worn during the trial. In the objective refraction test, we measured objective refraction using closed-field-type auto ref-keratometers (ARK-730A series, NIDEK, Tokyo, Japan) with a step of 0.01 D. Cycloplegic objective refraction measurements were performed 1 h after the application of 1% cyclopentolate hydrochloride eyedrops (Cyplegin ® 1% ophthalmic solution, Santen, Osaka, Japan). We used the IOLMaster 700 (Carl Zeiss Meditec, Jena, Germany) to measure the AL. Optical Coherence Tomography (OCT) (Cirrus HD-OCT plus (model 500), Carl Zeiss, Jena, Germany) was performed for all participants at each visit.
Interviews were conducted to elicit information such as age, gender, number of myopic parents, their living environment, and their lifestyle, including time of sunlight exposure, time of near-work, sleep duration, and physical activity (calculated from the International Physical Activity Questionnaire (IPAQ)) [24] . Times of near-work and sunlight exposure were calculated by weighted means of 5 weekdays and 2 days of the weekend. We conducted follow-up examinations at 4, 12, and 24 weeks after the first visit. In the follow-up examinations, we measured visual acuity with the current spectacles, BCVA, subjective refraction, noncycloplegic objective refraction, cycloplegic objective refraction, and AL. AL was measured at 4 weeks, 12 weeks, and 24 weeks after the administration of crocetin. Cycloplegic objective refraction was measured at 4 and 24 weeks after administration. The measurements of BCVA, subjective refraction, objective refraction, and AL were performed as described above. If the visual acuity with the current spectacles dropped to <1.0 (20/20), the lens power of the spectacles was replaced on the basis of the subjective refraction under cycloplegia. As for adverse events, we conducted a survey of all adverse events which occurred from the initial check-up to the end of this research and described them in the case report documents.
Outcomes
The primary and secondary outcomes were the change of AL and the cycloplegic objective refraction for 24 weeks.
Choroidal Thickness Measurement
An OCT (Cirrus HD-OCT plus (model 500), Carl Zeiss, Jena, Germany) was used to analyze data. The outer margin of the retinal pigment epithelium (RPE) was considered as the anterior margin of the choroid and the choroidal-scleral interface as the posterior margin of the choroid. The image was exported to ImageJ (National Institutes of Health, Bethesda, MD, USA) and the borders of the choroid were drawn by connecting the marked locations, leading to a calculation of the measured choroidal thickness at the center of the fovea. A change in the choroidal thickness was evaluated from the first visit to the last visit. Assessment of the choroidal thickness was conducted manually and the same person (who was completely masked) carried out all the analysis in the baseline and final visits.
Statistical Analysis
Myopia progression (changes in cycloplegic objective SER and AL after 24 weeks) can be affected by factors such as age, gender, and some environmental factors, including sleep duration and times of near-work and outdoor activity. Although randomized assignment would help in correcting the effect of such factors on the outcomes, residual imbalances between the crocetin group and the placebo group could affect the results. To minimize the effect of these factors, we built a linear mixed-effects model and compared changes in myopia progression between the two groups.
Upon comparison of the two groups, a restricted maximum-likelihood (REML) estimation method was used to compare variations from the baseline. A mixed-effects model for repeated measures (MMRM) was used with a Variance-Covariance Structure of repeated data postulating Spatial Power. The statistical significance was defined as p < 0.05. The null hypothesis was that there would be no difference in myopia progression after 24 weeks between the two groups. In this model, we used all the measurements obtained from both eyes. The participant identification number was included as a random effect in this model. The fixed effects in this model were the treatment group (the placebo group and the crocetin group), baseline age, gender, baseline time of near-work, baseline time of outdoors (sunlight exposure), baseline sleeping duration, setting right/left eye, visit (week 4, week 12, week 24) and interaction of group and visit. Times of near-work and outdoor activity were calculated by weighted means of 5 weekdays and 2 days of the weekend.
We calculated the parameter estimates, standard error, and p-values from a t-test of effects in the model. Least Squares Means of changes in AL from the baseline between the groups per visit were calculated from the interaction term and compared using a t-test. We also analyzed changes in cycloplegic objective SER at each visit (week 4, week 24) from the baseline with MMRM. We used a compound-symmetry covariance matrix in this analysis because there were two visit points. All statistical analyses were performed using SAS 9.4 Foundation for Microsoft Windows for x64 (SAS Institute Inc., Cary, NC, USA).
A t-test was used for the comparison of age, height, and body weight and a Mann-Whitney U test was applied for the non-parametric data at the baseline. Fisher's exact test was used for categorical variables. A t-test was also used for the comparison of the change in choroidal thickness.
Results-Randomized Clinical Trial

Flow of Participants
A total of 69 children were enrolled in this trial. Of these, 30 participants were assigned to the placebo group and 39 participants to the crocetin group ( Figure 1 ). During the follow-up period, two participants dropped out. One of them was due to noncompliance with 75% of the assignment, and the other failed to receive the check-up because they were too busy. As a result, a total of 67 children completed this trial. A total of 67 participants (30 in the placebo group, 37 in the crocetin group) completed the final examination. The investigators, including orthoptists and ophthalmologists, were masked with regard to the allocation of the treatment group. 
Adverse Events
No adverse effects associated with crocetin administration were reported during the clinical study. All adverse events reported during the study were not associated with crocetin administration (Table S1 ). 
Participant Profiles
The participants' profiles are shown in Table 1 . No significant differences were found between the two groups with respect to age or gender. In addition, the SER and the AL at the first visit showed no significant differences. The mean ages of the participants in the placebo and the crocetin groups were 10.1 ± 1.3 years (mean ± SD) and 10.4 ± 1.2 years; the mean SERs were −3.45 ± 1.00 and −3.45 ± 0.25 D; and the mean of ALs were 25.10 ± 0.77 and 24.91 ± 0.89 mm, respectively. No significant differences were found between the two groups, except in terms of the sunlight exposure time. 
Adverse Events
No adverse effects associated with crocetin administration were reported during the clinical study. All adverse events reported during the study were not associated with crocetin administration (Table S1 ).
Comparison of Myopia Progression after 24 Weeks
The participants' backgrounds were adjusted using a linear mixed-effects model to verify the myopia control effect of crocetin. Tables 2-4 demonstrate changes in various myopia-relevant parameters over the duration of our study. Table 2 shows the results of fitting the model to the cycloplegic SER change after 24 weeks. The difference between the mean adjusted changes in SER after 24 weeks in the crocetin group and those in the placebo group was 0.08 ± 0.04 D/24 weeks (mean ± standard error). Table 3a and Figure 2a show adjusted mean changes in the SER at week 4 and week 24 visits. The change in adjusted mean SER in the crocetin group was significantly smaller than that in the placebo group (p = 0.028 and p = 0.049, respectively) (Table 3a, Figure 2a) . Table 4 shows the results of fitting the model to the AL elongation after 24 weeks. The difference between the mean adjusted AL elongation after 24 weeks in the crocetin group and that in the placebo group was −0.03 ± 0.01 mm/24 weeks. The change in AL in the crocetin group was significantly smaller than that in the placebo group (p = 0.046). Table 3b and Figure 2b show the mean adjusted AL elongation at week 4, 12, and 24 visits. The changes in the adjusted mean AL in the crocetin group were significantly smaller than those in the placebo group (p = 0.020 for the 12-week visit and p = 0.046 for the 24-week visit) (Table 3b, Figure 2b 
Change in Choroidal Thickness over 6 Months
Changes in the choroidal thickness were evaluated during the administration period. The choroidal thickness change was −9.2 ± 75.5 µm in the placebo group and 34.1 ± 49.1 µm in the crocetin group, and the difference between the groups was statistically significant (p < 0.001, Figure 3 ). These data indicated that the choroidal thickness was significantly increased by crocetin administration.
The choroidal thickness in the crocetin group was significantly (p < 0.001) thicker than that in the placebo group. *** p < 0.001. Bars represent mean ± standard deviations. Figure 3 ). These data indicated that the choroidal thickness was significantly increased by crocetin administration. The choroidal thickness in the crocetin group was significantly (p < 0.001) thicker than that in the placebo group. *** p < 0.001. Bars represent mean +/− standard deviations.
Changes in the choroidal thickness were evaluated during the administration period. The choroidal thickness change was −9.2 ± 75.5 μm in the placebo group and 34.1 ± 49.1 μm in the crocetin group, and the difference between the groups was statistically significant (p < 0.001,
Discussion
Crocetin, one of the carotenoids which have antioxidant activity, has been shown to have the potential to suppress the progression of myopia in mice [16] . Therefore, we established a two-center prospective double-blind randomized controlled trial with subjects of 69 children aged from 6 to 12 to verify the myopia-suppressive effect of crocetin. Verification by mixed-effects models showed that the change in refraction and axial elongation were both suppressed. This trial demonstrated that crocetin had a significant suppressive effect against myopia progression and AL elongation in children.
Near-work and outdoor activity, including sunlight exposure, are the main environmental factors affecting myopia progression [25] [26] [27] ; we investigated the time of near-work and sunlight exposure using the questionnaire in the current study. Coincidentally, there was a significant difference in the time of sunlight exposure at the baseline between the two groups. Therefore, we used a mixed-effects model in this clinical trial with repeated measurements [28] . Furthermore, we adopted sleeping time as one of the covariates because it was reported to have a relationship with myopia [29, 30] . Although the time of sunlight exposure was significantly different between the two groups at the baseline, the results of the mixed-effects model showed that treatments and time of sunlight exposure were the significant factors affecting SER change for 24 weeks. The results also showed that treatments, age, and sex were the significant factors affecting AL change for 24 weeks in accordance with past papers [16, 27, 31] , indicating the effectiveness of the crocetin against myopia progression in children.
Atropine has been reported to have the highest suppressive effect on myopia progression [7] , and the calculated suppression rates of SER and AL by administering 0.01% atropine eye drops for 24 weeks were 27.2% and 12.2% [32] , respectively. In contrast, the suppression rates of SER and AL 
Atropine has been reported to have the highest suppressive effect on myopia progression [7] , and the calculated suppression rates of SER and AL by administering 0.01% atropine eye drops for 24 weeks were 27.2% and 12.2% [32] , respectively. In contrast, the suppression rates of SER and AL in the current crocetin group were 19.5% and 16.7%, respectively. The current crocetin study did not surpass the atropine studies [7] regarding suppression of the change in SER, but it showed a more potent effect on AL elongation. Since atropine eye drops have been used in clinical settings to prevent myopia progression, the changes in the SER and AL treated by not only atropine, but also crocetin, may be considered as clinically meaningful.
Choroidal thickness was reported to become thinner in myopic patients, and associations between choroidal thickness under the central fovea and refraction or axial elongation were also reported [33] [34] [35] [36] . Crocetin has been demonstrated to have various positive effects in human and animal models [16, [18] [19] [20] [21] .
As the choroid is a structure with a high vascularity, it could be an effect of crocetin to increase blood flow in the choroid, which may result in an increase of the choroidal thickness (Figure 3 ). In fact, crocetin has been reported to improve pulmonary, cerebral, and ocular blood flow [37] [38] [39] . The mechanisms of the blood flow increase caused by crocetin may possibly be the inhibition of protein kinase C activity in vascular smooth muscle cells [40] and induction of nitric oxide production in vascular endothelial cells, as previously reported [41] . These functions of crocetin that affect vascular dynamics may result in increased choroidal thickness, eventually leading to a suppressive effect against myopia in children. Crocetin has been particularly consumed in countries where the prevalence of myopia is relatively low [42] [43] [44] [45] . Although the mechanism of the myopia-suppressive effect of crocetin has not been well-characterized, the change in the choroidal thickness in the crocetin group was significantly thicker than that in the placebo group. Similar results were also observed in the mouse model [16] . Thickening of the choroid is one of the possible mechanisms of the myopia-suppressive effect of crocetin.
Regarding the safety of dietary crocetin, a previous study showed that no adverse effect was seen in adults after the oral administration of a crocetin dose of 7.5-22.5 mg [17] . No adverse effects, as previous studies demonstrated, were seen for children in this study when 7.5 mg of crocetin was administered during the experimental period.
Although the mechanism of action of crocetin to suppress myopia progression has not been fully elucidated, there is some evidence available regarding this. Dietary crocetin was demonstrated to induce Egr1, which is known as a myopia-suppressive gene. In addition, a decrease of Egr1 expression resulted in AL elongation and myopic change. In the experimental murine model, AL elongation was suppressed by the oral administration of crocetin [16] . In this study, AL elongation, as well as myopic refractive progression, were shown to be suppressed by the oral administration of crocetin in humans, presumably through a similar mechanism as that determined in the animal experiment.
Moreover, the choroidal thickness, which thickened upon the administration of crocetin, may possibly be related to the suppression of myopia progression. It is reported that the choroidal thickness is reduced in myopic eyes, especially in high-myopic eyes, accompanied with AL elongation [33] [34] [35] [36] . Crocetin was reported to improve blood circulation in tissues via the anti-inflammatory or antioxidant pathways, and the choroidal thickness was thought to be increased through this mechanism.
Although the rate of progression of myopia was not exactly evaluated in the samples in each group before being enrolled in the study, we selected the samples from the ordinary population without any prejudice. Meanwhile, we confirmed that the rate of myopia progression of the samples in the current study was comparable to that in other studies conducted in our country [46] .
The change in the choroidal thickness was not included in the linear mixed-effects model because the adjustment was performed for previously reported factors which may affect SER or AL, such as outdoor activity, near-work, age, and sex. It is unknown whether the change in choroidal thickness is the cause or the result of myopic change; therefore, it is difficult to regard choroidal thickness as a confounding factor.
There are some limitations to the current study. First, the period of this study is 24 weeks, which may be deemed relatively short; however, the result sufficiently showed statistical significance. As a pilot study, we limited the experimental term to 24 weeks. The period of 24 weeks was not long enough to evaluate the long-term effects of the supplement. It also limits the comparison with other studies. Further studies with longer terms such as one year are warranted to more effectively elucidate the effects of oral crocetin administration with possible adverse effects. Second, the time of sunlight exposure was significantly different between the two groups at the baseline, coincidentally. To adjust for this difference, a mixed-effects model was applied as the analysis technique in this study. Third, we designed the current protocol as a pilot study without sample size calculations, which was approved by IRB. Future studies for myopia control with supplements can be conducted based on the present data.
The current study demonstrates that the nutritional supplement, crocetin, may influence ocular growth by limiting axial elongation, thereby reducing refractive error progression in myopic children. The influence, however, appeared to be very small. Further studies involving a larger number of participants and longer follow-up duration are required to confirm this effect.
Conclusions
The current data showed that dietary crocetin may have a suppressive effect against myopia progression and axial elongation in children. No adverse effects associated with crocetin administration were reported during the clinical study.
Patent
Patents have been registered for the therapeutic effects of crocetin (patent no. 6502603 by Tsubota Laboratory, Inc. and Rohto Pharmaceutical Co., Ltd.).
